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SECTION 1|

INTRODUCTION

A cost reduction study conducted by W. Zavatkay in 1974 (Air Force Aero Propulsion Lab
Contract No. F33657-73-C-0619) estimated that over 30% of total military gas turbine engine
maintenance costs are attributed to repair and replacement of turbine blades and vanes.

Presently, visible damage is removed by blending (light grinding), recoating and, for some
airfoils, weld repair. These operations are called refurbishment. In addition to visible damage, the
airfoils suffer damage from creep and cyclic strains which are not detected by the nondestructive
inspection (NDI) techniques presently employed. Operations designed to remove this damage are
usually not included as a part of refurbishment.

Recent engines entering the USAF inventory have emphasized high performance character-
istics achieved primarily through the use of advanced high strength, high temperature materials
and high thrust/weight designs. The high-pressure turbine (HPT) and low-pressure turbine
(LPT) blades of these engines are typically conventionally cast (CC) or directionally solidified
(DS) nickel base superalloys, and these components experience the most severe combination of
temperature, stress, and strain ranges in the engine. Allowable metal temperatures and
estimated lives for turbine blades are set by design analysis of the material properties of the alloy,
blade stage, engine model, and predicted mission. Generally, metal temperatures at critical
airfoil sections have been set at 1500 to 1900°F. At these temperatures and the stress applied to
HPT blades and the first two stages of LPT blades, relatively short lives of approximately 1000
to 3000 hr total time are generally found based on creep-rupture and thermal fatigue
considerations.

In service, turbine blades are replaced based on NDI and creep (blade stretch)
measurements. Major reductions in engine life-cycle costs could result from the ability to extend
blade lifetimes through rejuvenation (restoration) of blade properties to their original levels after
a suitable period of field service.

It is believed that both fatigue and creep lives of some nickel superalloys can be significantly
extended by heat treatment. Although the metallurgical mechanisms responsible for this
behavior are not fully understood, it is believed that selective thermal treatment of creep or
fatigue damaged material will (1) solution and reprecipitate the microstructure to original or near
original morphology, and (2) eliminate creep and cyclic strain damage through diffusion
annealing processes. Rejuvenation treatments which heal microstructural and physical strain-
damage could possibly extend turbine blade creep and failure limits to two or more times their
present limits.

Repair procedures for military turbine components involving the bonding of corrosion/wear
resistant tips to blades are presently being pursued along with evaluations of various
refurbishment procedures concerning weld and/or coating repair of leading edge and tip erosion
in field service blades. Current and potential turbine blade refurbishment procedures offer
substantial savings potential in spare parts cost by extending useful blade life. However, creep
and fatigue damage will still limit blade lives unless rejuvenation treatments can be utilized to
restore original blade properties and ensure that repair procedures have not reduced remaining
blade life. Development of rejuvenation processes which may extend turbine blade creep and
fatigue limits to two or more times their present limits when combined with results of
refurbishment programs will produce substantial lifetime extension of blades and vanes. Since
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recoating of existing hardware is cost effective even though baseline properties are not enhanced,
it is clear that a feasibility demonstration of superalloy rejuvenation capability and its eventual
application to gas turbine hardware can make a significant increase in the cost effectiveness of
the turbine blade refurbishment process.

To validate the expected lifetime improvements in engine hardware and an expected
significant reduction in inventory and spare parts cost, the extent of property recovery by
rejuvenation heat treatments must be defined. Moreover, the limits of damage which can be
recovered after prior exposure in fatigue and creep life must be determined since both properties
are critical to successful blade operation. Based on the foregoing, this program was designed to
evaluate the feasibility of turbine blade life extension by the recovery of creep and fatigue strain
damage through suitable rejuvenation heat treatment of two different turbine blade casting
alloys, one CC and one DC. The program was divided by alloy type into two tasks: Task I —
Conventionally Cast (CC) IN 100 Alloy; and Task I — Directionally Solidified (DS) Mar-M200
+ Hf Alloy. The CC IN 100 (PWA 658) is currently the Bill-of-Material in the F100-PW-100 3rd-
and 4th-stage turbine blades; DS Mar-M200 + Hf (PWA 1422) is in use in the F100-PW-100 1st-
and 2nd-stage blades and the TF30-P-100 1st-stage blade.

Each task is divided into two phases: Phase I — Rejuvenation Treatment Selection; and
Phase II — Substantiation of Rejuvenation Treatment. In Phase I, creep testing of cast specimens
was used to select suitable rejuvenation heat treatments based upon recoverable creep life and
strain. The effect of creep strain and subsequent rejuvenation on minimum mechanical property
requirements and the maximum recoverable creep strain was also investigated. In addition, the
use of eddy current inspection was investigated as a method tc provide specific NDI criteria for
selection of components suitable for rejuvenation processing.

Phase II included determinations of the effectiveness of rejuvenation heat treatments in
recovering repeated creep strain damage and in recovering specific amounts of low-cycle and
high-cycle fatigue life. In addition, the effects of rejuvenation heat treatments in recovering
cumulative creep or fatigue strain damage was investigated. Finally an assessment was made of
the technical and economic feasibility for extending useful turbine blade life by rejuvenation
thermal treatments.
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SECTION Il

PROGRAM OVERVIEW

OBJECTIVES

The overall objective of this 24-month program was to determine the feasibility of applying
thermal treatments at some time during the life of a turbine blade to heat accumulated creep
and/or fatigue damage thereby extending useful blade life. The specific objectives were:

1.  Select a thermal treatment based on maximum recovery of creep properties
generated at engine representative parameters.

2. Determine the effects of the selected rejuvenation heat treatment on the
basic mechanical property requirements of the material.

3. Determine the maximum allowable creep strain which can be recovered by
the selected rejuvenation heat treatment.

4. Evaluate the effects of multiple rejuvenation cycles on creep properties.

5. Investigate the effectiveness of rejuvenation of fatigue and cumulative
creep/fatigue strain damage.

6. Correlate the results of NDI, including eddy current, with accumulated
strain damage to provide a criterion to determine the fraction of life at
which specimens can be successfully rejuvenated.

7.  Perform all rejuvenation evaluations with two turbine blade alloys; one CC
and the other DS.

TECHNICAL APPROACH

Although the results of this work will ultimately be applied to the rejuvenation of turbine
airfoils, the feasibility of recovering creep and fatigue damage in these materials was conducted
exclusively with cast and machined test bars. The selection of cast test bars rather than
specimens machined from blades (MFB) was made for several reasons. First, most high-pressure
turbine blades in today’s military gas turbine engines are cast hollow to allow incorporation of
internal cooling passages and baffles. Specimens machined from these airfoils would be quite
small and would therefore yield significantly more data scatter than specimens machined from
cast test bars. As a consequence, comparatively large numbers of specimens MFB would have to
be tested to gain sufficient statistical confidence in the data. Second, an important feature of this
work was to control the amount of strain damage imparted to each specimen so that the
comparative effectiveness of each thermal rejuvenation cycle could be distinguished. In addition,
other comparisons such as the maximum number of times specimens could be rejuvenated as well
as the maximum amount of strain which could be recovered were also required. Clearly,
specimens MFB would exhibit a wide range of internal damage dependent upon their unique
service history and would not be useful for tests which require prior knowledge of the degree of
damage initially present.

The introduction of internal creep strain and fatigue damage was conducted using
parameters designed to simulate the temperature and stress environment experienced by engine
run turbine blades. These specimens were tested and thermally treated in inert atmosphere to
eliminate the necessity of repeated application and subsequent stripping of overlay aluminide
coatings. This approach also simplified the conduct of nondestructive inspection following the
prestrain cycles. 3
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SECTION Il
PROGRAM DETAILS

PHASE | — REJUVENATION TREATMENT SELECTION

Introduction

Phase I was concerned with the formulation of candidate thermal rejuvenation cycles and
the selection, through mechanical testing, of the one cycle for each alloy found most effective to
recover mechanical properties. Once the optimum cycle was selected, further work was conducted
to confirm that rejuvenation of creep damage in test bars was actually occurring and not merely
an improvement in mechanical properties resulting from & superior heat treatment.

Finally, mechanical tests were conducted to establish the maximum amount of creep strain
damage recoverable by the application of thermal rejuvenation treatments. Eddy current
inspection was applied to these specimens in an effort to determine whether the differing strain
levels in each group of specimens could be distinguished thereby yielding an inspection criterion
for detecting material in need of rejuvenation.

Details of test specimen procurement, inspection, machining, and qualification testing are
presented in Appendix A.

Creep Parameter Selection

The selection of the creep temperature and stress parameters that were used in this program
for identifying and evaluating the most promising heat treatments was based upon the need to
simulate the temperatures and stresses to which turbine blading is exposed in service thereby
providing a degree of microstructural strain damage to which the rejuvenation heat treatments
could be applied. The parameters selected were 1650°F/40 ksi for CC IN 100 and 1800°F/28 ksi for
DS Mar-M200 + Hf. The 1650 and 1800°F temperatures are temperatures that are experienced
by the F100(3) CC IN 100 3rd-stage and DS Mar-M200 + Hf 1st-stage turbine blades,
respectively. The 40 and 28 ksi stresses were designed to obtain creep prestrains and failures
within a tractable period of time and still remain as close as possible to critical stresses for the CC
IN 100 and DS Mar-M200 + Hf turbine blades at the testing temperatures.

The initial creep prestrain used for selection and initial evaluation of the rejuvenation heat
treatments for both alloys was 1.0% strain. The selection of 1.0% prestrain was made because it
was significant enough to produce some degree of microstructural strain damage but not so severe
as to produce irreversible surface cracking in either alloy.

Representative creeps curves obtained by testing CC IN 100 specimens at 1650°F/40 ksi and
DS Mar-M200 + Hf specimens at 1800°F/28 ksi are plotted in Figures 1 and 2, respectively. These
plots illustrate the occurrence and duration of the primary, secondary, and tertiary creep modes
for these conditions of temperature and stress. In addition, it is revealed that 1.0% creep strain
extends well into the tertiary creep range for CC IN 100 and into the beginning of tertiary creep
for DS Mar-M200 + Hf.
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Using specimens strained into tertiary creep to evaluate candidate rejuvenation heat
treatments appears to be in conflict with the assumption that thermal rejuvenation treatments
should be applied only within secondary creep limits to avoid creep strain damage in the form of
large cavitation voids and microcracking. However, the predominant creep mode for CC IN 100
and DS Mar-M200 + Hf at the subject temperatures and stresses is in the tertiary range and
makes up over 60% of the total rupture life for each alloy. Therefore, while CC IN 100 and DS
Mar-M200 - Hf specimens would have experienced a degree of tertiary creep, it was anticipated
that cavitation damage would be minimal or nonexistent and thermal rejuvenation treatments
could still be effective. In addition, it was desirable to determine, by testing, whether thermal
rejuvenation of creep is indeed limited to intermediate, secondary creep or whether significant
rejuvenation can be attained from prestraining at or within tertiary creep boundaries.

The selection of the prestrain parameters for determining the maximum recoverable creep
strain for each rejuvenation heat treatment was based on the initial Phase I test evaluations and
will be more appropriately discussed later.

Candidate Heat Treatment Selection

The ability of rejuvenation heat treatments to restore creep properties relies on several
factors: First, the heat treatment should solution the gamma prime phase coarsened and
elongated by the 1.0% prestrain and reprecipitate it in a normal cuboidal form. Second,
undesirable carbide phases should be solutioned and, during the aging cycle, reform into more
desirable carbides. Third, cavitation damage which generally occurs at brittle grain boundary
carbides and by vacancy diffusion, must be sintered closed by thermally activated diffusion.

Three rejuvenation heat treatments were selected for use with CC IN 100 and are listed in
Table 1. The first was the standard PWA 658 coat and age cycle while the remaining two
employed feasible coating cycles with progressively higher temperatures in an effort to resolution
as much gamma prime and carbide phases as possible and to increase the diffusivity relative to
the sintering of stress induced voids. High temperature solution treatments were avoided with CC
IN 100 because past experience has shown that the resulting agglomeration of gamma prime
particles and the formation of gamma prime envelopes along grain boundaries can degrade
mechanical properties.

TABLE 1. CANDIDATE REJUVENATION HEAT TREATMENTS

Solution Cycle Coating Cycle Aging Cycle

CC IN 120 Alloy

Heat Treat A 1975°F/8 hr — AC 1600°F/12 hr — AC

Heat Treat B — 2025°F/4 hr — AC  1600°F/12 hr — AC

Heat Treat C 2100°F/2 hr — AC 1700°F/16 hr — AC
DS Mar-M200 + Hf Alloy

Heat Treat A 2200°F/4 hr — AC 1975°F/4 hr — AC  1600°F/32 hr — AC

Heat Treat B 2200°F/10 hr — AC+ — -

2250°F/4 hr — AC 1975°F/4 hr — AC 1600°F/32 hr — AC
Heat Treat C 2200°F/10 hr — Fast AC+

2250°F/4 hr — Fast AC

1976°F/4 hr — AC

1600°F/32 hr — AC

The standard PWA 1422 solution, coat, and age cycle plus two additional thermal
rejuvenation heat treatments were selected for DS Mar-M200 exhibits better heat treatment
response than CC IN 100, the candidate rejuvenation heat treatments employed significantly
higher solution temperatures than those used for CC IN 100. Moreover, duplex heat treatments
were employed in an effort to homogenize the alloy and raise the incipient melting temperature
(approximately 2230°F) prior to the application of a 2250°F solution.
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Creep Prestrain and Retest Procedure

All Phase I evaluations required the use of test specimens with an initial predetermined
creep strain produced at the selected parameters for each alloy. The prestrain tests to provide
these specimens were performed as a normal creep-rupture test except that upon reaching the
predetermined strain level, the test was discontinued by shutting down the furnace and allowing
the specimen to cool under load. Upon cooling to 1000°F, the load was removed and the specimen
transferred from the furnace for subsequent cooling to room temperature.

The delayed unloading and initial furnace cooling of the prestrained specimens was
necessary for two reasons. First, the maintained load prevented dimensional distortion of the
specimen which could occur by eliminating the load at high temperatures. Second, the forced
furnace cool was considered to be more representative of the thermal environment of a turbine
blade and provide a greater degree of test control. For both alloy tests the time to reach 1000°F
was approximately 2 hr, and since the specimens were maintained under load during this period
a small amount of creep strain was added to each specimen during the cooldown cycle. This
additional induced creep sirain ranged from 0.002 to 0.020% strain for all specimens tested. These
small amounts of creep strain were considered insignificant compared to the predetermined
strain levels and were not, therefore, incorporated into any of the creep strain data analyses.

After application of creep prestrains, all specimens, depending upon the task being
performed, were either directly retested to failure (interrupted test) or were rejuvenation heat
treated prior to the retest. In either case the retest to failure of a specimen was conducted as a new
original test and not as a continuation of the interrupted prestrain test. To accomplish this, the
reduced cross section of each prestrained specimen was determined and used to recalculate the
creep loading need for the appropriate stress level. By this means, the retesting of specimens was
effectively standardized and provided a more meaningful comparison to be made between the
creep properties of baseline and thermally rejuvenated specimens.

Baseline Testing and the Etfect of Creep Test Interruption

Continuous and interrupted creep tests were conducted on CC IN 100 at 1650°F/40 ksi and
on DS Mar-M200 + Hf at 1800°F/28 ksi to establish a baseline data base against which the results
of testing with thermally rejuvenated specimens could be compared. Since the tests conducted
with rejuvenated specimens were by necessity interrupted, similar baseline testing was necessary
to distinguish any effects the test interruption may have had on creep properties and to assure
that valid comparisons could be made between rejuvenated creep properties and baseline creep
properties for both alloys. The interrupted baseline tests were performed by prestrain testing CC
IN 100 and DS Mar-M200 + Hf specimens to 1.0% at their respective test parameters and then
retesting the specimens to failure without rejuvenation heat treatment.

Continuous and interrupted baseline results are plotted as bar graphs in Figure 3 for CC IN
100 and Figure 4 for DS Mar-M200 + Hf. The prestrair. (0.0 to 1.0%) retest (1.0% to rupture)
components and the total creep results are shown along with the corresponding scatterband for
each test group in order to provide a more effective comparison. For CC IN 100 the total rupture
life increased from 257.1 to 265.6 hr and total creep strain from 7.54 to 7.79% for the interrupted
baseline as compared to the continuous aseline. The scatterbands for both continuous and
interrupted baseline tests, however, indicate that both types of tests are essentially the same with
no significant differences between the total or component results. Figure 3 shows that total
rupture life for DS Mar-M200 + Hf decreased from 126.3 to 123.8 hr for continuous tests versus
interrupted tests while creep strain increased from 15.4 to 17.9%. Again, however, all results are
within a similar scatter band.
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Based on these observations, the effect on total rupture life and creep strain resulting from
interruption of the creep test was considered minimal for both CC IN 100 and DS Mar-M200 +
Hf test specimens when compared to the results of continuous creep tests. The data accumulated
from both test methods was therefore averaged to provide an increased data base for baseline
creep properties at 1650°F/40 ksi are 261.4 hr rupture life and 7.67% creep strain. The DS Mar-
M200 + Hf average baseline properties are 125.2 hr rupture life and 16.4% creep strain for tests
at 1800°F/28 ksi.

Rejuvenation Heat Treatment Selection

i The selection of the optimum rejuvenation heat treatment was determined by comparing
the retest properties of prestrained specimens rejuvenated by each of the candidate cycles shown
previously in Table 1. After CC IN 100 and DS Mar-M200 + Hf specimens were 1.0% prestrain
tested at their respective creep parameters, each was subjected to 10X visual and fluorescent
penetrant inspections to ensure that no surface defects were generated by the prestrain test.
Following inspection, the specimens were given the various candidate rejuvenation heat
treatments and retested to failure. The resulting rupture life, prior creep strain, and creep curve
behavior was then compared with the corresponding results of the baseline testing.

The data have been plotted in the form of bar graphs with indicated scatterbands as shown
in Figures 5 and 6 for CC IN 100 and DS Mar-M200 + Hf, respectively. This method of data
presentation permits direct comparison of rupture properties as a function of the heat treatments
received by each group of specimens. Moreover, each bar graph has been divided into a left and
a right section. The left side represents rupture life and prior creep elongation remaining after the
1.0% prestrain while the right side includes the prestrain and represents total rupture properties.
This makes it possible to distinguish between heat treatments which actually recovered rupture
i properties lost during the prestrain and those that may only represent superior heat treatments

for the properties being tested. For example, examination of the left side of the bar graphs reveals
that, for both CC IN 100 and DS Mar-M200 + Hf, each of the candidate rejuvenation heat
treatments produced some degree of property recovery when compared to the baseline tests.
However, the right side, which represents total rupture properties, reveals that specimens with
rejuvenation heat treatments exhibited superior properties when compared to the baseline. Since
it is impossible to recover more than 100% of properties lost due to the 1.0% prestrain, then it
must be concluded that while some degree of rejuvenation may indeed be occurring, the
rejuvenation heat treatments must also be improving the 1650 and 1800°F rutpure properties of
CC IN 100 and DS Mar-M200 + Hf, respectively. The actual extent of rejuvenation will be
investigated by testing which will be discussed later in this report.

The bar graphs were constructed from the data shown in Tables 2 and 3 for CC IN 100 and
DS Mar-M200 + Hf, respectively. Each table contains all the creep rupture data including
continuous baseline, interrupted baseline, and the three groups of specimens prestrained to 1.0%,
rejuvenation heat treated, and retested to failure. The baseline data presented in the bar graphs
is the averaged results of both continuous and interrupted baseline tests, both test types having
been determined equivalent in the previous section.

. Selection of the optimum candidate rejuvenation cycle for IN 100 and DS Mar-M200 + Hf
was based upon the following four considerations:

Rupture life recovery :
Time to 1.0% creep v
Prior creep strain recovery i

P G B e

Creep curve behavior.
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Based upon the information shown in the left and right side of the bar graph in Figure 5, the
most favorable rejuvenation heat treatment in terms of rupture life and prior creep strain for CC
IN 100 was heat treatment B, the 2025°F/4 hr + 1600°F/12 hr - AC (air cool) coat and age cycle.
Compared to retest results obtained after the 1.0% prestrain (left side of graph) average rupture
life and prior creep strain improved from 169.5 to 273.5 hr and 6.67 to 10.26% for the interrupted
baseline versus rejuvenated specimens. Comparison of these improved retest properties with the
average baseline results of 261.4 hr and 7.67% (right side of graph) indicates that the 1.0%
prestrain life is recovered with little to no improvement while the 1.0% prestrain elongation is
recovered with an additional increase in prior creep at failure. According to the right side of the
bar graph, which includes the sum of the prestrain and the recovered plus improved retest
properties, average rupture life and total creep strain of specimens prestrained to 1.0% and
retested to failure increased from 261.4 to 366.2 hr end 7.67 to 11.26% with rejuvenation heat
treatment “B.” Specimens with the 2100°F/2 hr - AC + 1700°F/16 hr - AC heat treatment
exhibited the highest rupture life improvement with 282.6 hr retest and 376.0 total hours;
however, the lower temperature rejuvenation treatment produced significantly higher prior creep
strain improvement and also represented a coating cycle temperature more readily adaptable to
the current production coating process. These factcis were considered more important than the
slight advantage in rupture life gained by the high:: iemperature heat treatment.

As shown in the bar graph of Figure 6, the hes: ireatr::nt which restored the most favorable
combination of rupture life and prior creep strain fc: D€ Mar-M200 + Hf was heat treatment
“C,” the 2200°F/10 hr + 2250°F/4 hr fast air cool du:icx ¢ cle. Retest results after 1.0 prestrain
(left side of bar graph) indicate that average :upture life improved for the baseline versus the
rejuvenated specimens from 86.4 to 145.2 hr whiis wviur creep strain declined from 15.4 to 12.6.
These rejuvenated retest properties, when compared to t::c average baseline of 125.2 hr and 16.4¢
indicate that the 1.0% prestrain life is recovered and substantially improved while the prior creep
at failure is reduced. The total rupture lives of specimens urestrained to 1.0% and retested to
failure increased from the baseline average of 125.2 to 178.8 hr with rejuvenation heat treatment
“C,” while total creep strain decreased from 16.4 io 13.6%. The decrease in creep strain for
specimens with the selected rejuvenation heat treatment was not considered serious in view of the
high creep ductility inherent in DS Mar-M200 + Hf.

Another important factor in the selection of the most effective of the candidate rejuvenation
heat treatments was the time required to reach 1.0% creep, sometimes called the creep strength.
This is an especially important consideration when applied to turbine airfoils since blade growth
is one major contributor to current scrappage rates.

The time to 1.0% creep has been plotted in Figures 7 and 8 for CC IN 100 and DS
Mar-M200 + Hf, respectively. It is evident from these figures that each of the candidate heat
treatments was capable of recovering at least a portion of the creep strength which was lost as a
result of the initial 1.0% creep strain.

As shown in Figure 7, CC IN 100 exhibited the maximum amount of recovery when heat
treated at 2100°F/2 hr + 1700°F/10 hr. However, the lower temperature heat treatment, 2025°F/4
hr + 1600°F/12 hr, was also capable of significant property recovery and, based upon the
previously discussed economics of utilizing a rejuvenation cycle which can also double as a
coating diffusion cycle (2100°F is too hot), the 2025°F heat treatment was considered to be the
best all-around choice.

Figure 8 reveals that DS Mar-M200 + Hf responded most favorably to the 2200°F/10 hr +
2250°F/4 hr + 1975°F/4 + 1600°F/32 hr FAC duplex cycle. This observation is in agreement with
the conclusions previously reached based upon the analysis of rupture life and prior creep strain.
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Creep strength recovery can be further analyzed by plotting the creep data and comparing
the minimum creep rate before and after rejuvenation heat treatments. Data plots can also be
utilized to confirm the recurrence of the 1st-stage creep mode after rejuvenation.

The minimum creep rate data before and after retest has been plotted as shown in
Figure 9 for CC IN 100 and Figure 10 for DS Mar-M200 + Hf to illustrate the effects of the
rejuvenation cycles on the reinitiated 2nd-stage creep that was observed in all retested specimens.
The graphs for both alloys show a significant increase in the minimum creep rates for specimens
that were retested either without a rejuvenation heat treatment or with the standard solution,
coat and age cycles (heat treat ‘‘A”) for each alloy. The higher temperature rejuvenation cycles,
B and C, for each alloy, however, produce definite recovery of and a possible decrease in the
minimum creep rate of retested specimens as compared to that observed before rejuvenation.

Representative creep curves illustrating these observations have been plotted for CC IN 100
and DS Mar-M200 + Hf in Figures 11 through 16. In Figures 11 and 12, 1.0% prestrain curves
have been plotted along with the first 1.0% of the interrupted baseline retest curves. Evaluation
of the plotted creep curves indicated that even for specimens prestrained to 1.0% and retested to
failure without a rejuvenation heat treatment (baseline) some degree of 1st- and 2nd-stage creep
was in all cases reinitiated. However, the retest specimens did not receive a rejuvenation heat
treatment and it is evident from the curves that the creep rate for each alloy is higher than during
the initial 1.0% prestrain. A similar 1.0% prestrain curve has been plotted for CC IN 100 and DS
Mar-M200 + Hf in Figures 13 and 14 along with the first 1.0% of the retest curve; however, in this
case the CC IN 100 retest specimens received the candidate heat treatment B, and the DS Mar-
M200 + Hf retest specimens received the candidate heat treatment C. Examination of the curves
reveals that the minimum creep rate has been substantially reduced during the rejuvenated
retest compared to the prestrain test. It should be pointed out that the 1.0% prestrain and
rejuvenated retest curves of Figure 13 illustrate one of the most dramatic cases of creep rate
improvement for CC IN 100 while the curves of Figure 14 are more representative of the creep rate
reduction observed for rejuvenated DS Mar-M200 + Hf. The effect of the selected rejuvenation
heat treatments on minimum creep rates will be examined in more detail with a more definitive
population of test specimens as part of the evaluation of multiple creep rejuvenation.

The reinitiation of 1st- and 2nd-stage creep modes, and the recovery of the initial minimum
creep rate confirmed the selection of heat treatments found most favorable on the basis of rupture
life and creep strain improvement. These heat treatments were the 2025°F/4 hr + 1600°F/
12 hr - AC coat and age cycle (heat treat B) for CC IN 100 and the 2200°F/10 hr + 2250°F/4 hr
+ 1975°F/4 hr + 1600°F/32 hr - FAC duplex solution, coat, and age cycle (heat treat C) for DS
Mar-M200 + Hf. A representative comparison of the creep curves for an interrupted baseline
retest, a continuous baseline test and a retest with the selected rejuvenation heat treatment is
illustrated in Figures 15 and 16 for CC IN 100 and DS Mar-M200 + Hf, respectively.

The 2025°F/4 hr + 1600°F/12 hr cycle for CC IN 100 and the 2200°F/10 hr + 2250°F/4 hr +
1975°F/4 hr + 1600°F/32 hr cycie for DS Mar-M200 + Hf were the only rejuvenation heat
treatments used in the remaining test evaluations. Therefore, the terms ‘“‘rejuvenation heat
treat,” “‘reiuvenation cycle,” and “‘rejuvenated,” used in the remainder of this report will refer to
one or both of these selected heat treatments unless specifically stated otherwise.
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Figure 11. CC IN 100 Interrupted Baseline 1.0% Prestrain Curve Compared to

First 1.0% of Retest Curve, 1650°F/40 ksi
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Figure 12. DS MAR-M200 + Hf Interrupted Baseline 1.0% Prestrain Curve

Compared to First 1.0% of Retest Curve, 1800°F/28 ksi
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Figure 13. CCIN 100 1.0% Prestrain Curve Compared to First 1.0% of Retest Curve
After Application of Rejuvenation Heat Treatment B, 1650°F/40 ksi
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Figure 14. DS MAR-M200 + Hf 1.0% Prestrain Curve Compared to First 1.0% of

Retest Curve After Application of Rejuvenation Heat Treatment C,
1800°F/28 ksi
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Figure 15. CC IN 100 Creep Curve Comparison for Specimens With and Without

Rejuvenation Heat Treatment
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Figure 16. DS MAR M-200 + Hf Creep Curve Comparison for Specimens With

and Without Rejuvenation Heat Treatment 1800°F/28 ksi
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Eftect of Rejuvenation Heat Treatment on Mechanical Property Requirements

As discussed in Appendix A, as-received CC IN 100 and DS Mar-M200+ Hf specimens were
initially heat treated (standard heat treatment) and tested to the requirements of the applicable
Pratt & Whitney material specification. This work was designed to confirm that these specimens
met minimum property requirements in 1400°F creep and 1800°F stress rupture and to establish
baseline properties against which subsequent tests could be compared. The establishment of the
thermal rejuvenation process again necessitated confirmation that specimens, both with and
without the 1.0% creep prestrain, heat treated to these parameters were capable of meeting
minimum specification properties and to compare these properties with the baseline obtained
with standard heat treated specimens. The three test conditions are illustrated by the flow chart
in Figure 17 and the resulting data are presented in Table 4 for CC IN 100 and Table 5 or DS Mar-
M200 + Hf. Bar graph comparisons of the data for each of the three conditions are presented in
Figures 18 through 23.

The CC IN 100 specimens given the rejuvenation heat treatments without the 1.0%
prestrain met and exceeded the room temperature tensile and 1800°F/24 ksi stress rupture
requirements and the data were similar to the results obtained with specimens from the standard
heat treatment alone.

The specimens prestrained to 1.0% followed by rejuvenation heat treatment also exceeded
tensile and stress rupture requirements but with lower properties than those of the standard heat
treated specimens. This seems to indicate that property recovery was not complete. These
observations are illustrated for tensile in Figure 18 and for stress-rupture in Figure 19.

The results of the 1400°F/85 ksi creep-rupture tests, which evaluate the minimum ductility
range of CC IN 100, are illustrated in Figure 20. It can be seen that the rejuvenation heat treated
specimen without the 1.0% prestrain exceeds specification requirements, but with a significant
reduction in rupture life and creep strain as compared to the specimen with the standard heat
treatment. The specimen with the 1.0% prestrain and rejuvenation heat treatment exhibits a
further reduction in rupture life and a prior creep strain that has degraded to 1.81% which is
below the PWA 658 minimum requirement of 2.0%. These results indicate that while the
rejuvenation heat treatment can be expected to maintain the 1800°F stress rupture properties, a
slight debit will be incurred with 1400°F creep rupture.

Comparison of the DS Mar-M 200 + Hf results for room temperature tensile, 1400°F/100 ksi
creep, and 1800°F/32 ksi creep/stress-rupture are shown in Figures 21, 22, and 23, respectively.
For the tensile test, while the specimen with the standard plus rejuvenation heat treatments
failed to meet the 0.2% yield and ultimate strength minimums, the data were similar to the
specimens with the standard heat treatment alone. The tensile elongation, however, fell below
the 5.0% minimum to 4.7% as compared to 6.0% for the standard heat treatment. Surprisingly,
the specimen that received the rejuvenation cycle after 1.0% prestrain at 1800°F/28 ksi exceeded
all tensile requirements although the elongation was still low in the ductility range at 5.3%.
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